Objective: Blood flow velocity patterns in fetal veins are considered to reflect cardiac function, but have not been convincingly documented. The aim of this study was to generate reference values for fetal cardiac strain and compare it with results in fetuses with signs of increased venous pulsatility.
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Introduction
Placental insufficiency, resulting in severe intra-uterine growth restriction (IUGR) is a major cause of perinatal morbidity and mortality. The heart is a central organ in the fetal adaptive mechanisms to hypoxia, but studies on heart function during hypoxia have given conflicting results. While some studies have shown maintained cardiac output in fetuses with IUGR, others suggest that subclinical cardiac dysfunction can be present from early stages of fetal deterioration 1-7 .
Fetal echocardiography was initially employed to detect structural abnormalities, but in recent years its use in fetal cardiac function assessment has increased.
New echocardiographic imaging technology such as tissue Doppler imaging (TDI) and 2D speckle tracking enables quantification of regional and global myocardial deformation and velocities 8 . Very subtle changes can be identified and, in adults, deformation has been demonstrated as being a sensitive marker of cardiac dysfunction 9 .
Doppler-derived strain imaging (Tissue Doppler Imaging -TDI) of the fetal heart has provided valuable information on global and regional myocardial motion and deformation, with higher sensitivity in detecting subclinical fetal cardiac dysfunction compared to conventional Doppler 5, 10 . TDI is, however, limited by angle dependency, sensitivity to extra-cardiac movement, need for good-quality images and time-consuming post-processing. Speckle tracking techniques have therefore come into focus. Proposed advantages with speckle tracking include its ability to measure motion independent of the angle of acquisition and the ability to measure motion in multiple directions 11 .
2D speckle-tracking employs B-mode images, in which acoustic markers (speckles) are tracked frame-by-frame. An algorithm then calculates myocardial strain (deformation) and strain rate (rate of deformation). As it employs B-mode images, it is in theory an angle independent method. Several softwares are commercially available, employing different algorithms and tracking techniques. Application of speckle tracking techniques in the fetus has shown promise, but is far from straightforward.
Fetal systemic venous blood flow velocity has a characteristic fluctuating pattern, reflecting the pressure in the right atrium. In fetuses with heart failure or during severe hypoxia an increase in pulsatility can be detected, which is thought to be a reflection of increased central venous pressure 12 .
The aim of this study was to identify normal reference ranges for strain and strain rate of the right and left ventricles in healthy fetuses at different gestational ages, and to compare these to results obtained from fetuses with different levels of placental insufficiency, with or without abnormalities in venous blood flow velocity.
Methods
Analysis of cardiac global longitudinal strain, strain rate and velocity was performed on the fetal right and left ventricles in 252 singleton healthy fetuses and in 38 fetuses with increased vascular impedance in the umbilical artery, including several with abnormal venous circulation.
Control group:
Women with uncomplicated singleton pregnancies, attending routine second-or third trimester ultrasound scanning at the Department of Obstetrics and Gynecology at Skane University Hospital in Malmö (Sweden) were invited to participate in the study. A separate 2D ultrasonography scanning was performed by one investigator aiming at examining 10 fetuses per week at gestational ages 19 to 42. Exclusion criteria were systemic disease of the mother, fetal chromosomal/structural abnormalities and pregnancy complications such as preeclampsia, hypertension, diabetes, oligohydramniosis and intra-uterine growth restriction.
All the examinations were performed by one operator (CD).
Study group:
Women undergoing conventional fetal-placental Doppler examination due to suspected fetal intra-uterine growth restriction, where included in the study when increased vascular resistance in the umbilical artery (UA) was recorded (pulsatility index (PI) >2 SD above mean for corresponding gestational age). The Doppler examinations were performed by ultrasound technicians according to routine clinical practice. The UA PI was recorded from a freefloating central part of the umbilical cord at a zero degree angle. PI was analyzed during three consecutive cardiac cycles and compared with normal reference values. Umbilical venous blood flow was recorded in the central intra-abdominal part of the vein and in a free-floating part of the vein in the cord. UV-pulsations were defined as a rhythmic decrease in maximum blood velocity of at least 15%. The ductus venous (DV) pulsatility index for veins (PIV) was also recorded in either a midsagittal or transverse view positioning the Doppler gate at the DV isthmic portion 13 . A 2D video clip of the fetal cardiac four-chamber view was then also obtained as described below. Analyses of B-mode images for velocity, strain and strain rate of the right and left ventricle were performed using the Syngo VVI version 1 software according to the manufacturer's instructions. The off-line analysis were performed by one operator (CD), which was informed of increased umbilical artery vascular impedance in the high-risk group, but was unaware of the degree nor of the results of venous Doppler recording. The endocardium of the ventricles was traced in end-diastole with the reference plane set to the medial and lateral atrioventricular valve annulus, respectively. Care was taken not to include the papillary muscles. The software created tracking curves automatically in subsequent frames. The accuracy of tracking was subjectively verified and corrected when necessary. The software generated velocity vectors and global peak longitudinal cardiac velocity, strain and strain rate were calculated.
Statistical analysis
Data was analyzed with IBM SPSS Statistics version 21. One-way Anova was used for investigating suspected differences between groups. Conventional linear regression analysis was conducted in order to determine the relationship between myocardial strain, gestational age and frame rate. Spline regression was performed to establish reference ranges of the normal group and to assess possible non-linearity in the relationship between strain/strain rate and gestational age. Adjustment to a set frame rate was made using regression with ordinary least squares.
Results
In the control group, the ventricles were successfully traced in 248 out of 250 fetuses. One patient was excluded due to pre-eclampsia and intra-uterine growth restriction with an early debut and one due to technical problems. There were more than ten fetuses included per gestational weeks 19-39, and 7 patients/week for weeks 40-42. Characteristics and information on pregnancy outcome of the control group and study group are displayed in Table 1 . DV blood velocity was recorded in 143 of the controls all having normal pattern.
Average global peak longitudinal velocity, strain and strain rate for the left and right ventricles were measured and the overall median and mean values of the control group are given in Table 2 . Non-significant differences were found between strain values of the right and left ventricles using a paired samples t-test. The strain rate of the left ventricle was slightly greater compared to the right ventricle (mean -2.12 and -2.01, respectively, p=0.006).
Curves corresponding to the mean strain ± 2SD of the control group are shown in figures 2 and 3. Data were adjusted for frame rate (see below). The measured strain values were unaffected by gestational age. Table 3 demonstrates the regression formulas for the mean curves of strain and strain rate for the left and right ventricles, respectively.
The study group consisted of 38 patients with signs of increased resistance in the umbilical artery (UA). The PI in UA was + 2-3 SD above mean in 15 patients (adjusted for gestational age) and >3 SD above mean in 14 patients (with a positive flow in diastole).
One patient exhibited absent blood flow in diastole and 8 had a reversed diastolic blood flow in the UA. In the study group, mean gestational age at examination was 220.7 days with a minimum of 141 and a maximum of 277 days. The mean heart rate was 136,3 (range 119-150) and the mean frame rate was 57,9 (range 30-111). The mean gestational age at delivery was 32+3 weeks (min 21+1 and max 39+6), mean birthweight (BW) was 1505 ± 768 g, with a BW deviance from mean of -31.7% ± 17. The rate of cesarean section was 73.8%. Ductus venosus (DV) PIV was measured in all the cases and adjusted to gestational age by calculation of the z-score according to Kessler et al. 13 (mean DV PIV z-score 2.3, SD 4.64).
There were 7 with a DV PIV above +2SD. UV-pulsations were observed in 10 cases and the perinatal mortality in the study group was 13,2%. None of the newborns had a pH in the umbilical artery of below 7.1, suggesting mild hypoxia. Apgar score was below 7 at 5 min in 8 newborns all delivered before 34 weeks and 4 were delivered before 26 weeks of gestation.
Of these 8, there were 5 that had abnormal venous pulsatilty, but all had normal cardiac strain measurements.
Calculated strain and strain rate of both ventricles showed increasing values for strain and strain rate at increasing frame rates. The maximal frame rate obtained decreased with gestational age. Frame rates during recording ranged between 30 and 212 (mean 80.4 ± 33.0 SD). Values of strain and strain rate were adjusted for a fixed reference frame rate of 80 Hz in order to decrease the influence of frame rate on strain and strain rate measurements.
The mean heart rate was 136 (±9.8 SD). The effect of fetal heart rate were also estimated.
Heart rate had no effect on the calculated strain, but a small and significant effect on velocity and strain rate in both ventricles.
Image acquisition was obtained preferentially from the apical or basal view. However, if this was not feasible the angle available during examination was used. To assess whether the angle of acquisition had an effect on the recordings, results were divided into 5 groups depending on angle of acquisition (apex, base, side, apex (slightly angled) and base, (slightly angled)) and compared. For left ventricular strain and strain rate, a significant difference was seen between the groups with images acquired from the side having significantly higher values compared to images acquired from the base (slightly angled). For the right ventricle, strain values obtained from the apex were significantly greater than those obtained from the base (slightly angled), but no significant difference was seen in velocity or strain rate between the groups.
In figures 2 and 3, strain values obtained from measurements of the right and left ventricles of the study group are plotted as circles and measurements from the control group as stars. No differences were seen in fetal cardiac strain between the two groups. The mean values of strain, strain rate and velocity in the study group and control group were also compared, and after adjusting for gestational age, frame rate and birthweight deviance from mean, no difference was observed between the groups.
There was no correlation between right or left ventricular strain and pulsatilility index of the DV. Umbilical vein pulsations were seen in 10 cases and there was no correlation between occurrence of UV-pulsations and right or left ventricular strain. Adjusting for frame rate and heart rate did not change the correlation between cardiac strain and venous pulsatility.
Discussion
Previous studies have suggested that increased pulsatility of blood flow in the ductus venosus is a reflection of cardiac dysfunction and increased central venous pressure 14, 15 . The present results suggest that the ductus venosus might open in moderate chronic hypoxia without there being signs of increased cardiac strain. Opening of the ductus venosus increases the flow of oxygenated blood mainly to the left side of the heart to supply, preferentially, the coronaries and the brain. The increase in flow of oxygenated blood to the heart might be a physiological "sparing" reaction, resulting in maintenance of cardiac function during moderate fetal hypoxia 18, 19 .
Traditional methods for estimation of fetal cardiac function during hypoxia include cardiac morphometry and M-mode or Doppler measurements of blood flow. These methods give indirect measures of cardiac function and have significant limitations with confusing results regarding correlation of pathological findings to fetal circulatory compromise 1-4, 20 . Newer methods are currently being explored, including those estimating strain and strain rate.
Recent studies have employed speckle-tracking techniques for investigations of fetal ventricles and normal values have been described for global and regional values.
Published estimates of left ventricle average peak global strain values range from -15 to -25, and for the right fetal ventricle from -16.5 and -24. These studies have employed a variation of study protocols and different software for speckle-tracking analysis, with results similar to ours [21] [22] [23] [24] [25] .
We used global measurements of strain and strain rate in analysis. This was chosen for two reasons; Inadequate spatial resolution is a potential limitation of the method and measurements of strain are not recommended if the distance between adjacent segments is less than 2-5 mm apart 26 . Segmental dysfunction is also less likely in the fetus, than might be in adults with coronary heart disease.
Our hypothesis was that alterations in cardiac deformation might be detected in fetuses with impaired placental function using the speckle tracking analysis software VVI.
Comparison of left and right ventricular strain was made between a cohort of healthy fetuses at different gestational ages and fetuses with signs of increased placental vascular resistance.
As shown in figures 2 and 3, strain values of the right and left ventricles do not seem to differ between the groups. This indicates that cardiac strain might be spared long in the process of fetal demise. Problems in interpreting these findings include the potential pitfalls of VVI, a method not validated in the fetus, and originally designed for use in adult cardiology. The optimal frame rate for 2D speckle tracking in the fetus is unknown, but in adults frame rates of 60-110 are recommended to avoid underestimation of time-dependent variables such as velocities and strain rate. Due to the high fetal heart rate, an even higher frame rate might be desirable [27] [28] [29] , something that, even using high quality ultrasound systems and optimization of images for this purpose, can be difficult to obtain. Due to the effect of ultrasound frame rate on strain rate, the recorded values were corrected for the average frame rate at 80. This correction did not change the results in the comparison of controls and high-risk pregnancies.
Conclusions: The aim of this study was to correlate changes in fetal venous pulsatility and cardiac function. Surprisingly, there was no correlation between heart function and venous pulsatility in fetuses during moderate chronic hypoxia. Still many of the high-risk pregnancies had increased pulsatility in both the ductus venosus and the umbilical vein. This might suggest that the ductus venosus opens during chronic fetal hypoxia, redistributing blood to the left side of the heart and thus directing more oxygenated blood for the coronaries and brain.
This redistribution might explain maintained cardiac function during moderate fetal hypoxia. Table 3 : Regression formulas for the mean curves of peak global velocity (V), strain (S) and strain rate (SR) from the right (RV) and left ventricles (LV). X corresponds to gestational age. 
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